Weissmann N, Kummer W. Intermedin/adrenomedullin-2 is a hypoxia-induced endothelial peptide that stabilizes pulmonary microvascular permeability. Am J Physiol Lung Cell Mol Physiol 297: L837-L845, 2009. First published August 14, 2009 doi:10.1152/ajplung.90608.2008.-Accumulating evidence suggests a pivotal role of the calcitonin receptor-like receptor (CRLR) signaling pathway in preventing damage of the lung by stabilizing pulmonary barrier function. Intermedin (IMD), also termed adrenomedullin-2, is the most recently identified peptide targeting this receptor. Here we investigated the effect of hypoxia on the expression of IMD in the murine lung and cultured murine pulmonary microvascular endothelial cells (PMEC) as well as the role of IMD in regulating vascular permeability. Monoclonal IMD antibodies were generated, and transcript levels were assayed by quantitative RT-PCR. The promoter region of IMD gene was analyzed, and the effect of hypoxia-inducible factor (HIF)-1␣ on IMD expression was investigated in HEK293T cells. Isolated murine lungs and a human lung microvascular endothelial cell monolayer model were used to study the effect of IMD on vascular permeability. IMD was identified as a pulmonary endothelial peptide by immunohistochemistry and RT-PCR. Hypoxia caused an upregulation of IMD mRNA in the murine lung and PMEC. As shown by these results, HIF-1␣ enhances IMD promoter activity. Our functional studies showed that IMD abolished the increase in pressure-induced endothelial permeability. Moreover, IMD decreased basal and thrombin-induced hyperpermeability of an endothelial cell monolayer in a receptor-dependent manner and activated PKA in these cells. In conclusion, IMD is a novel hypoxiainduced gene and a potential interventional agent for the improvement of endothelial barrier function in systemic inflammatory responses and hypoxia-induced vascular leakage. endothelial permeability; edema THE PULMONARY VASCULAR ENDOTHELIUM forms a continuous, semipermeable dynamic barrier for water, solutes, and plasma proteins between the intravascular space and underlying tissues. Impairment of the barrier function results in vascular leakage and pulmonary edema formation. Inflammatory cytokines (22, 36), viruses (17, 30), biophysical forces such as stretch and shear stress (25, 29) , and hypoxia (3, 7, 27, 40) can lead to increased endothelial cell permeability, thus disrupting the segregation between blood plasma and interstitial fluid. Accumulating evidence suggests a pivotal role of the calcitonin receptor-like receptor (CRLR) signaling pathway in stabilizing this barrier function and preventing pulmonary damage. This class B G protein-coupled receptor binds peptides of the calcitonin gene-related peptide (CGRP) family, and its activation results in a marked increase in cytosolic cAMP and subsequent activation of protein kinase A, supposing a coupling to adenylyl cyclase (19, 33) . Notably, CRLR alone exhibits little affinity to its ligands and becomes ligand selective only when associated with one of the three receptor activity-modifying proteins, RAMP1-3. CGRP activates the CRLR/RAMP1 complex, adrenomedullin (AM) appears to act as an agonist for CRLR/RAMP2 and RAMP3 (8), and intermedin (IMD; synonym adrenomedullin-2) signals primarily through CRLR associated with either RAMP1 or RAMP3 but also CRLR/RAMP2 heteromers (9, 33).
lead to increased endothelial cell permeability, thus disrupting the segregation between blood plasma and interstitial fluid. Accumulating evidence suggests a pivotal role of the calcitonin receptor-like receptor (CRLR) signaling pathway in stabilizing this barrier function and preventing pulmonary damage. This class B G protein-coupled receptor binds peptides of the calcitonin gene-related peptide (CGRP) family, and its activation results in a marked increase in cytosolic cAMP and subsequent activation of protein kinase A, supposing a coupling to adenylyl cyclase (19, 33) . Notably, CRLR alone exhibits little affinity to its ligands and becomes ligand selective only when associated with one of the three receptor activity-modifying proteins, RAMP1-3. CGRP activates the CRLR/RAMP1 complex, adrenomedullin (AM) appears to act as an agonist for CRLR/RAMP2 and RAMP3 (8) , and intermedin (IMD; synonym adrenomedullin-2) signals primarily through CRLR associated with either RAMP1 or RAMP3 but also CRLR/RAMP2 heteromers (9, 33) .
The pronounced protective pulmonary effects of AM in inflammation and hypoxia are well documented. It counteracts endothelial hyperpermeability induced by hydrogen peroxide, thrombin, or Escherichia coli hemolysin (19, 20) , dilates rat pulmonary artery rings during hypoxia (44) , and is upregulated in hypoxia via the hypoxia-inducible factor (HIF)-1␣ pathway (16) . On the receptor side, however, hypoxia induces upregulation of RAMP1 and RAMP3, but not RAMP2, in the rat lung (32) , suggesting preferential IMD signaling. Two mature IMD peptides of 47 and 40 amino acids, sharing in mice ϳ33% sequence homology to AM, were identified in 2004 by Roh et al. (33) and Takei et al. (37) . Current knowledge on its vascular and pulmonary effects is limited but points toward a potential beneficial role in pathophysiological conditions: IMD is cardioprotective in ischemia-reperfusion injury (2, 43) , its intravenous application decreases blood pressure (1, 14, 15) , and it dilates the rat pulmonary vascular bed (5, 23) .
Hence, we reasoned that IMD might represent an endogenous pulmonary peptide being regulated by hypoxia and contributing to vascular homeostasis under inflammatory and hypoxic conditions. To test this hypothesis, we conducted experiments to identify hypoxia-responsive elements in the IMD promoter, to characterize hypoxia-induced alterations in IMD expression, and to elucidate the role of IMD in regulating endothelial hyperpermeability.
MATERIALS AND METHODS

Animals.
All experiments conformed to National Institutes of Health guidelines on the care and use of experimental animals and were approved by Regierungspäsidium Giessen. FVB mice of either sex (n ϭ 4 for mRNA analysis, n ϭ 5 for immunofluorescence) were exposed to normobaric hypoxia [inspired O 2 fraction (FIO 2 ) ϭ 0.10] in a ventilated chamber for 15 h. The level of hypoxia was held constant by an autoregulatory control unit (model 4010 O 2 controller, Labotec, Göttingen, Germany). Control animals (n ϭ 4 for mRNA analysis, n ϭ 4 for immunofluorescence) were exposed to normobaric normoxia in a similar chamber at an FIO 2 of 0.21.
Antibodies. Monoclonal anti-IMD antibodies were obtained by screening of the MorphoSys Human Combinatorial Antibody Library (HuCAL) GOLD library (AbD Serotec, Martinsried, Germany). In this library, more than 15 billion functional human antibody specificities in Fab format are prefabricated, and they were screened by ELISA for reactivity against a synthetic peptide (RPAGRRDSAPVDPSSPHSY) corresponding to amino acid residues 131-149 (accession no. NP_891558) of mouse IMD. At the same time, they were tested for nonreactivity to the homologous peptide AM with the synthetic peptide TDKDKDGMAPRNKISPQGY, which corresponds to amino acid residues 126 -144 (accession no. NP_033757) of mouse AM. Monovalent Fab fragments that fulfilled these criteria (n ϭ 9) were converted into a bivalent Mini-Antibody format (AbD Serotec) and used for immunofluorescence. Cy3-conjugated anti-human IgG F(ab)2 from goat was from Dianova (Hamburg, Germany). Monoclonal anti-mouse CD31 (clone MEC 13.3) antibody was from BD Biosciences (Heidelberg, Germany). Monoclonal antiphospho-vasodilator-stimulated phosphoprotein (VASP) Ser157 (PKA phosphorylation site) was purchased from Nanotools (Teningen, Germany). Horseradish peroxidase (HRP)-conjugated antimouse IgG antibody was from Amersham Biosciences (Heidelberg, Germany). HRP-conjugated goat anti-human IgG was from Dianova.
Immunofluorescence. Mice were killed by inhalation of an overdose of isoflurane (Abbott, Wiesbaden, Germany), and lungs were filled via a tracheal cannula with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Specimens were cryoprotected with 18% sucrose in 0.1 M phosphate buffer, frozen, and sectioned at 12-m thickness. Nonspecific protein binding sites were saturated by incubation (1 h) in 10% horse serum, 0.5% Tween 20, 0.1% bovine serum albumin in 0.005 M phosphate buffer with 4.48 g/l NaCl, and primary antibodies (clones AbD06980.1 and AbD06988.1) were then applied at 0.4 g/ml overnight. Bound antibodies were tagged by 1-h incubation with Cy3-conjugated anti-human IgG F(ab)2 (diluted 1:500), and sections were washed, coverslipped in 1:1 carbonate-buffered glycerol at pH 8.4, and evaluated with an epifluorescence microscope (Axioplan 2, Zeiss, Jena, Germany). Specificity of the primary antibody was controlled by preabsorption (1 h at room temperature) with either synthetic mouse IMD(1-47) (Phoenix Pharmaceuticals, Belmont, CA) or a synthetic peptide corresponding to amino acid residues 126 -144 of mouse AM precursor (AbD Serotec) or synthetic rat CGRP (Acris, Hiddenhausen, Germany), each at a concentration of 5 g/ml, before application to the sections. Specificity of the secondary antibody was tested by omission of the primary antibody. Endothelial cells were identified in double-labeling experiments using a biotinylated rat monoclonal anti-mouse CD31 antibody applied at 1 g/ml simultaneously with anti-IMD antibody. This biotinylated antibody was detected with fluorescein isothiocyanate-conjugated streptavidin (1:500, 1 h; Sigma, Deisenhofen, Germany).
Anti-IMD Western blot and dot blot assay. Mouse lung tissue homogenized in extraction buffer [7 M urea, 10% glycerol, 10 mM Tris ⅐ HCl pH 6.8, 1% sodium dodecyl sulfate (SDS), 5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1ϫ concentrated Complete Mini Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany)] was resolved by tricine-SDS-15% polyacrylamide gel electrophoresis. Proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Schwalbach, Germany) by semidry blotting, and after incubation with blocking buffer [Tris-buffered saline (TBS), 0.01% Tween 20, 10% milk powder] for 1 h at room temperature the membrane was covered overnight with human anti-IMD clone AbD06988.1 (1.52 g/ml) or AbD06980.1 (1.3 g/ml) in TBS, 0.01% Tween 20, 5% milk powder. After the membrane was washed with TBS-0.01% Tween 20 it was incubated with HRP-conjugated goat anti-human IgG (1:10,000 in TBS, 0.01% Tween 20, 2.5% milk powder). Bound antibody was visualized by enhanced chemiluminescence using 9 volumes of Super Signal West Pico Substrate mixed with 1 volume of Super Signal West Dura Extended Duration Substrate (both from Pierce/Perbio Science Deutschland, Bonn, Germany). For the dot blot assay dilution series of IMD peptide (aa residues 131-149) and AM peptide (aa residues 126 -144) were pipetted onto nitrocellulose membrane. After drying, the membrane was blocked with blocking buffer and handling was continued as described for Western blotting.
Determination of VASP phosphorylation. To determine the phosphorylated forms of VASP, human lung microvascular endothelial cells were lysed in Laemmli buffer (24) and equal amounts of lysed cellular proteins (30 g protein/well) were separated by SDS-10% polyacrylamide gel electrophoresis followed by protein transfer onto nitrocellulose membrane. The membrane was probed with an antiphospho-VASP Ser157 antibody (0.2 g/ml), which recognizes the phosphorylated form of VASP at Ser157, or anti-actin. Signals were visualized with a peroxidase-conjugated anti-rabbit antibody (0.1 g/ml), and bands were densitometrically evaluated.
Lung isolation, perfusion, and ventilation. The model of isolated, perfused mouse lungs has been described previously (41, 42) . FVB mice were deeply anesthetized by intraperitoneal administration of pentobarbital sodium (100 mg/kg body wt) and anticoagulated with heparin (1,000 U/kg) by intravenous injection. After intubation via a tracheostoma, mice were ventilated with room air (positive-pressure ventilation) with a tidal volume of 250 l, 90 breaths/min, and 3-cmH2O positive end-expiratory pressure with a Minivent Type 845 ventilator (Hugo Sachs Elektronik, March-Hugstetten, Germany). Midsternal thoracotomy was followed by insertion of catheters into the pulmonary artery and left atrium. With a peristaltic pump (ISM834A V2.10, Ismatec, Glattbrugg, Switzerland), buffer perfusion via the pulmonary artery was started at 4°C and a flow of 0.2 ml/min. In parallel with the onset of artificial perfusion, ventilation was changed from room air to a premixed gas (21% O2, 5.3% CO2, 73.7% N2). For perfusion Krebs-Henseleit buffer (Serag-Wiessner, Naila, Germany) containing (in mM) 120 NaCl, 4.3 KCl, 1.1 KH2PO4, 2.4 CaCl2, 1.3 MgCl2, and 13.32 glucose as well as 5% (wt/vol) hydroxyethylamylopectin (mol wt 200,000) was used. The pH was adjusted to 7.37-7.40 with NaHCO3. The isolated, perfused lung was placed in a temperature-equilibrated housing chamber freely suspended from a force transducer for continuous monitoring of organ weight. After the lungs were rinsed with 20 ml of buffer, the perfusion circuit was closed for recirculation (total system volume 15 ml) and left atrial pressure (LAP) was set at 0.26 cmH2O. Meanwhile, the flow was slowly increased from 0.2 to 2 ml/min, and the entire system was heated to 37°C. Pressures in the pulmonary artery and left atrium were registered via small-diameter catheters. After an initial steady-state period of 20 min, the capillary filtration coefficient (Kfc) was determined (time set at zero). At 40 min LAP was increased to 11.5 cmH2O (vs. 1.5 cmH2O in controls). Repetitive measurements of Kfc were done at 60 and 80 min. In treated lungs IMD (10 nM) was added to the buffer fluid at 25 min. In controls, LAP was held constant at 1.5 cmH2O. Kfc was determined gravimetrically from the slope of the lung weight gain curve induced by a 10-cmH2O step elevation (ϭ hydrostatic challenge).
Macromolecule permeability of endothelial monolayers. The permeability of Trypan blue-labeled albumin across human lung blood microvascular endothelial cell (HMVEC-L) monolayers was studied in a two-compartment system separated by a filter membrane as described previously (28) . Both compartments contained as basal medium modified Tyrode solution (composition in mM: 150 NaCl, 2.7 KCl, 1.2 KH 2PO4, 1.2 MgSO4, 1.0 CaCl2, and 30.0 N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid; pH 7.4, 37°C) supplemented with 2% (vol/vol) normal calf serum. There was no hydrostatic pressure gradient between the compartments. The "luminal" compartment containing the monolayer had a volume of 2.5 ml, and the "abluminal" compartment had a volume of 6.5 ml. The fluid in the abluminal compartment was constantly stirred. Trypan blue-labeled albumin (60 M) was added to the luminal compartment. The appearance of the labeled albumin in the abluminal compartment was continuously monitored by pumping the liquid through a spectrophotometer (Specord 10, Zeiss). Increases of the concentration of labeled albumin were detected with a time delay of Ͻ15 s. The concentration of labeled albumin in the luminal compartment was determined every 10 min of incubation. It did not change significantly in the time frame of the experiments.
The albumin flux [F, expressed as mol/(s ϫ cm 2 )] across the monolayer with surface S was determined from the rise of albumin
To facilitate the comparison of data obtained in the present study with those of other studies, the permeability coefficient (P, expressed as cm/s) of the combined system of monolayer and filter support was calculated from F according to Fick's law of diffusion as follows: 2) remained virtually unchanged in the course of the described experiments, the relative changes in F correspond to similar changes in P.
Cell culture. Pulmonary microvascular endothelial cells (PMEC) were isolated as described by Lips et al. (26) with Dynabeads coated with Bandeiraea simplicifolia lectin. HL-1 cells were kindly provided by Dr. W. C. Claycomb (Louisiana State University Health Science Center, New Orleans, LA). NIH3T3 fibroblasts were from the German Resource Center for Biological Material (DSMZ, Braunschweig, Germany). NS20Y cells were from PAA (Pasching, Austria) and HMVEC-L from Lonza (Basel, Swizerland). For hypoxia experiments, cells were exposed for 6 h to either normoxia (21% O 2, 5% CO2, 74% N2) or hypoxia (1% O2, 5% CO2, 94% N2).
RNA isolation and real-time RT-PCR. Total RNA was isolated with the RNeasy mini kit (Qiagen, Hilden, Germany), and genomic DNA was removed by treatment with DNase (Invitrogen, Karlsruhe, Germany). Superscript RNase H Ϫ reverse transcriptase was used for reverse transcription. Real-time quantitative PCR was performed as described by Pfeil et al. (31) . Primer sequences are specified in Table  1 . Sequencing of the PCR products was done by MWG Biotech (Ebersberg, Germany).
Analysis of intermedin gene promoter reporter activity. IMD gene sequences from human and mouse were retrieved from GenBank and analyzed with the TRANSFAC database and Perl-based scripts. A luciferase reporter construct, pGL2-2.7 kb IMD promoter-luc (pGL2-Enhancer luciferase vector, Promega, Mannheim, Germany), which contains a 2.7 kb (Ϫ1 ϳ Ϫ2650) proximate region of mouse IMD gene promoter, was cotransfected with a HIF-1␣ expression construct (GeneCopoeia, Germantown, MD) in HEK293T cells. Cells were transfected with 4 g of pGL2-2.7 kb IMD promoter-luc plasmid, together with 2, 4, 8, or 16 g of the HIF-1␣ expression vector plasmid, by the calcium phosphate precipitation method. Five-hundred nanograms of a pCMV-␤-galactosidase vector were cotransfected to monitor transfection efficiency. The reporter activity is expressed as the ratio of relative luciferase unit to ␤-galactosidase activity. (Fig. 1A) . In Western blot analysis both peptides labeled a single 16-kDa peptide in mouse lung homogenates, corresponding to prepro-IMD (Fig. 1B) . Immunolabeling of lung sections could be abolished by preabsorption of the antibody with mouse IMD(1-47) (Fig. 1C) but not with an AM peptide and with CGRP. When applied in doublelabeling experiments, staining intensity obtained with clone AbD06988.1 decreased. Thus clone AbD06980.1 was chosen for further analysis. Double labeling with mouse monoclonal anti-CD31 antibody, an endothelial cell marker, revealed a large overlap with IMD immunoreactivity (Fig. 1C) . In addition, some nonendothelial cells of the alveolar septa were also labeled by clone AbD06980.1 antibody (Fig. 1C) . This dominant localization of IMD immunoreactivity in endothelial cells in the lung was further supported by RT-PCR showing the expression of IMD mRNA in murine lung homogenates and in PMEC (Fig. 1D) . Uptake of fluorescently labeled acetylated low-density lipoprotein (Ac-LDL) indicated that primary isolates of PMEC were quite homogeneous (Fig. 1E ). PMEC were further characterized by their ability to express endothelial nitric oxide synthase (eNOS) mRNA (Fig. 1D) .
RESULTS
IMD is expressed
IMD expression is upregulated by hypoxia. Quantitative RT-PCR showed a 1.9-fold increase in IMD mRNA expression in the lung of mice housed 15 h under hypoxic conditions (10% O 2 ) compared with control animals ( Fig. 2A) . As judged by immunofluorescence, cellular IMD expression pattern did not change in hypoxia (Fig. 3) . Hence we assumed that the general increase in IMD mRNA observed in the whole lung was due to increased expression at the cellular level rather than recruitment of cell types that did not express IMD under normoxic conditions. This was tested in a cell culture model. Exposure of murine PMEC to hypoxia (1% O 2 , 6 h) caused a 6.3-fold increase in IMD mRNA expression compared with normoxic control (Fig. 2A) . A hypoxia-induced increase in IMD mRNA expression was also found in the murine cardiomyocyte cell line HL-1 (4.5-fold), in NIH3T3 fibroblasts (5.2-fold), and in the murine forebrain neuroblastoma cell line NS20Y (2.9-fold) ( Fig. 2A) . Similar to studies of IMD transcripts, we found that hypoxia increases AM mRNA expression in the lung (10.4-fold), PMEC (1.9-fold), HL-1 cardiomyocytes (42-fold), NIH3T3 fibroblasts (19.7-fold), and NS20Y neuroblastoma cells (36.3-fold) (Fig. 2B) .
To investigate the molecular mechanisms underlying the regulation of IMD expression under hypoxic conditions, we retrieved IMD gene promoter sequences of human and mouse from the GenBank genome database and searched for the presence of putative hypoxia response elements (HRE) with a consensus 5Ј-RCGTG-3Ј sequence (Fig. 4A) . Consistent with the finding that IMD expression was increased in response to hypoxia, we found that the proximate region of the IMD gene promoter from both human and mouse contains multiple HRE sequences. In addition to sites for AP2, SP1, ERE, PR, HFH8, GATA1, and WT1 transcription factors (data not shown), there are at least four HRE sites within a 2.7-kb proximate region of the mouse IMD gene promoter fragment that we had subcloned previously (Fig. 4A) (9) . To test our hypothesis that the stimulation of IMD expression by hypoxia is mediated by HIF-1␣, we analyzed the effect of HIF-1␣ on IMD gene promoter activity, using a luciferase reporter construct, pGL2-2.7 kb IMD promoter-luc, in transfected HEK293T cells (Fig.  4A) . Cotransfection of the pGL2-2.7 kb reporter with an increasing dose of a HIF-1␣ expression vector resulted in a dose-dependent increase of the luciferase activity in transfected cells (Fig. 4B, top) , reminiscent of the increase of VEGF gene promoter activity by HIF-1␣ (Fig. 4B, bottom) .
IMD expression exceeds that of AM in PMEC. Comparison of hypoxia-induced IMD expression with that of AM showed that the increase in IMD expression in PMEC exceeded that of AM by ϳ3.3-fold (Fig. 5) . In contrast, hypoxia-induced increase in IMD mRNA expression in the lung was only 0.18-fold of that of AM mRNA expression. Likewise, analysis of HL-1 cardiomyocytes, NIH3T3 fibroblasts, and NS20Y neuroblastoma cells showed that hypoxia mainly induced AM expression and that hypoxia-induced increase in IMD mRNA expression was 0.1-fold, 0.26-fold, and 0.08-fold of that of AM mRNA expression, respectively.
IMD is a stabilizer of endothelial permeability.
To analyze the IMD effect on endothelial barrier function, flux of Trypan blue-labeled albumin across monolayers of HMVEC-L was determined. As shown in Fig. 6A , IMD reduced macromolecular permeability in a concentration-dependent manner, with half-maximum effect at ϳ1 nM and producing maximum effect at 10 nM, which was used for all further experiments. The reduction in macromolecular permeability obtained with 10 nM IMD was comparable with that evoked by forskolin (10 M), a direct activator of adenylyl cyclase (data not shown). In the next step, we analyzed whether IMD can also antagonize thrombin-induced hyperpermeability. As shown in Fig. 6B , addition of thrombin (0.2 U/ml) caused a rapid increase in macromolecule permeability that peaked at 15 min. Addition of IMD (10 nM) together with thrombin blunted the thrombininduced hyperpermeability response (Fig. 6B ). This barrierprotective effect of IMD was abolished when endothelial cells were pretreated with a CRLR antagonist, ␣-CGRP 8 -37 (1 M) (46), indicating that IMD mediates its barrier-protective effects via CRLR activation. The CRLR antagonist alone had no effect on endothelial macromolecule permeability (data not shown).
In other cell types IMD mediates most of its effects via activation of PKA pathway (33) . Therefore, the activation of PKA in HMVEC-L was analyzed by detection of the phosphorylation state of VASP at Ser157. VASP is a cytoskeleton protein that is an established endogenous substrate for PKA (6, 11). Under basal conditions, the phosphorylation of VASP was below our detection limits in HMVEC-L. However, IMD induced VASP phosphorylation in a concentration-dependent manner, and 10 nM IMD was as effective as 10 M forskolin (Fig. 7A) . IMD-induced VASP phosphorylation was completely blocked by protein kinase inhibitor (PKI) and H-89, two chemically nonrelated PKA inhibitors (Fig. 7B) , indicating activation of PKA by IMD in HMVEC-L.
In addition to the in vitro experiments, we further investigated the effect of IMD on endothelial permeability in an isolated lung model (Fig. 8) . Here endothelial permeability was increased by hydrostatic challenge, i.e., increase of LAP to 11.5 cmH 2 O (vs. 1.5 cmH 2 O in controls). During repetitive hydrostatic challenges, K fc was measured as an index of endothelial permeability. In the absence of IMD, K fc increased during two subsequent hydrostatic challenges from 0.2 ϫ 10 Ϫ5 to 1.0 ϫ 10 Ϫ5 cm 3 ⅐s Ϫ1 ⅐cmH 2 O⅐g Ϫ1 . Addition of IMD at a concentration of 10 nM 15 min before the pressure increase prevented the rise in K fc . The effect of IMD was comparable to that exerted by dibutyryl cAMP (DBcAMP) at a concentration of 130 nM (Fig. 8) .
DISCUSSION
The present study identifies IMD as a hypoxia-regulated pulmonary endothelial peptide stabilizing endothelial barrier function. IMD reduced basal and thrombin-induced endothelial hyperpermeability in vitro, and in isolated, perfused mouse lungs it decreased pressure-induced hyperpermeability and edema formation, pointing to a pivotal role of IMD in the regulation of endothelial cell function in the pulmonary microvasculature.
Our quantitative RT-PCR data demonstrate that hypoxia increases the level of IMD mRNA. Fully in line with these observations are our results from transfection studies in HEK293T cells, in which we show the existence of four potential HRE sequences. Coexpression of HIF-1␣ in HEK293T cells dose-dependently increases luciferase reporter activity of an IMD-promoter luciferase reporter, reminiscent of that of many HIF-1␣-inducible genes (13, 34, 35) . IMD shares ϳ30% sequence homology to AM (33, 37) , and for both peptides similar effects on blood pressure and heart rate and cardioprotective functions are described (15, 18, 39, 43) . Even though there are structural and functional homologies between IMD and AM, the extent of hypoxia-induced mRNA expression differed for both peptides. In PMEC, hypoxia-induced IMD expression exceeded that of AM by about threefold, whereas in the other investigated cell types hypoxia-induced increase in AM surpassed that of IMD. This finding suggests that in the pulmonary microvasculature IMD rather than AM might be part of a protective regulatory mechanism involved in the adaptive response to hypoxia. As shown by Western blot analysis IMD induced phosphorylation of VASP at Ser157, which is a well-established endogenous substrate of PKA in endothelial cells (6) . PKA sitespecific VASP phosphorylation was abolished by two chemically nonrelated inhibitors of PKA, indicating that IMD can activate PKA signaling pathway in HMVEC-L. Phosphorylation of VASP by PKA has been shown to play a role in the regulation of endothelial barrier function (11) . However, analyzing the precise role of VASP phosphorylation in the barrierprotective effects of IMD was beyond the scope of this study. The in vitro macromolecule permeability assay clearly shows that IMD reduced the permeability in a concentration-and time-dependent manner. Accordingly, at a concentration of 10 nM, IMD was as effective as forskolin (10 M) (21). Moreover, IMD also counteracted the stimulatory effect of thrombin on permeability, much in line with a recent study showing a stabilizing effect of IMD on hydrogen peroxide-induced reduction in transendothelial electrical resistance in cerebral endothelial cells (10) . This is consistent with earlier studies showing that agonists activating adenylyl cyclase can antagonize thrombin-induced hyperpermeability (4). IMD-mediated barrier protection was abolished by a peptide antagonist of CRLR, which clearly demonstrates that IMD produces its effects via CRLRs. Together these data suggest that IMD protects endothelial barrier function against imminent failure via activation of PKA pathway involving CRLR.
The barrier-protective effect of IMD is further supported by our data obtained in an isolated, buffer-perfused lung model in which IMD substantially decreased pressure-induced endothelial permeability as measured by the alteration of K fc . The effect of IMD on endothelial permeability matched that of DBcAMP, consistent with the concept that IMD acts on endothelial cells via the CRLR signaling cascade with stimulation of adenylyl cyclase and cAMP synthesis.
In the lung, hypoxia is closely associated with a fall in intracellular cAMP levels (38) and results in suppression of epi-and endothelial barrier function, leading to pulmonary edema (12, 45) . Since IMD is upregulated by hypoxia and exerts profound stabilizing effects on endothelial barrier function both in cell culture and in the isolated, perfused lung, it might be part of a protective regulatory mechanism counteracting hypoxia-induced pulmonary edema.
In conclusion, the present data indicate a pivotal role of IMD in the regulation of endothelial cell function in the pulmonary microvasculature, where IMD is upregulated by hypoxia and serves as a stabilizer of endothelial permeability. This may be critical for improved treatment of patients with disturbances of this vascular segment as they occur in high-altitude pulmonary edema, acute respiratory distress syndrome, and sepsis.
